Introduction
The Stemona alkaloids represent a unique class of natural products exclusively isolated from the monocotyledonous family Stemonaceae, mainly distributed in East and South East Asia. [1] Structurally the alkaloids are characterized by the presence of either a pyrrolo [ [2] In 2010, Pilli organized the Stemona alkaloids into eight different structural groups: stenine, stemoamide, tuberostemospironine, stemoamine, parvistemoline, stemofoline (all having the pyrrolo[1,2-a]azepine core structure), stemocurtisine (having the pyrido[1,2-a]azepine core structure) and a miscellaneous group, formed from those alkaloids which do not display the structural motifs mentioned above, or are the sole representative of a new group.
[2] herbs. [3] The dried roots from these species, known as 'Bai Bu' in Chinese traditional medicine, 'Bach Bo' in Vietnam and 'Non Tai Yak' or 'Pong Mot Ngam' in Thailand, are used to suppress coughing, and are claimed to have antituberculosis, antibacterial, antifungal and antihelmintic properties. [4] These interesting biological activities and the synthetically challenging polycyclic structures of the Stemona alkaloids have prompted numerous synthetic studies and the total synthesis of many Stemona alkaloids have been reported. [2a−c, 5] However no report has been made on the total synthesis of a stemocurtisine group Stemona alkaloid. [6] Here we report on our studies towards the total synthesis of stemocurtisine 1 by the preparation of the tricyclic compound 3, having the A-B-C ring structure of alkaloid 1. Our aim was to employ this compound in the synthesis of the tetracyclic compound 2 using a photochemical induced oxidative cyclization process to introduce the ether bridge between C-3a and C-11 in the target alkaloid.
Scheme 1. Retrosynthetic analysis of stemocurtisine 2
Our planned synthesis of stemocurtisine 1 was based on the retrosynthetic analysis shown in Scheme 1. In principle, this alkaloid could be obtained from the tricyclic compound 2 by addition of the D-ring, following the method described by Olivo, [7] followed by reduction of the lactam carbonyl group. [8] It was anticipated that the ether bridge in compound 2 could be prepared from the tricyclic compound 3 via a photochemically induced oxidative cyclization reaction.
[9] The tricyclic compound 3 could be obtained from the ester 4 via a bromolactonization reaction of its corresponding carboxylic acid followed by base-1 H NMR spectrum of 11 was consistent with the expected cis-epoxide (Scheme 2). [13] Aminolysis of epoxide 11 [14] with 1-amino-4-pentene (2.0 equiv) using LiOTf (1.0 equiv) as a Lewis acid catalyst gave a separable mixture of the desired lactam 13, in modest yield (26%), and the undesired lactone 12 (13%), lactam 14 (11%), and bisadduct 15 (37%) as the major product formed (Scheme 2). Lactam 14 most likely arises from reaction of 1-amino-4-pentene with the ester group of 11 followed by an intramolecular 5-exo-tet cyclization [16] of the resulting amide. An alternative mechanism involving the aminolysis of 11 with ring opening at C-4 followed by lactam formation seemed less likely since aminolysis reactions of vinyl and alkynyl epoxides are normally regioselective for attack at the more activated allylic or propargylic carbon, as observed in the regioselective ring opening of epoxide 19 in Scheme 3. Bisadduct 15 clearly arises from the reaction of the lactone 12 with the excess amount of 1-amino-4-pentene.
In model studies of this aminolysis reaction using epoxide 11 and allylamine, instead of 1-amino-4-pentene, we found that related products were also formed. When less equivalents (1.0 to 1.2 equiv) of allylamine were used then less amount of the bisadduct corresponding to 15 was formed however significant amounts of the starting epoxide 11 were also present. Lactone 12 was converted to lactam 13 in 84% yield by heating a solution of 12 in MeOH/Et 3 N at reflux for 3 d. The vicinal coupling constant J 5,6 = 4.5 Hz in the 1 H NMR spectrum of 13 was consistent with the desired 5,6-cis-stereochemistry of the lactam 13. [17] However, because of the problem associated with the ester group in the ring opening reaction of the epoxide 11 with amines we developed an alternative synthesis based on the epoxide 19 (Scheme 3) in which the problematic ester group was replaced with a less reactive CH 2 OTBS group.
Reaction conditions: (a) I 2 , MeOH, KOH, rt, 4 h (75%); (b) KOOCN=NCOOK, AcOH, pyridine, rt, 10 h (56%); (c) Jones' reagent, acetone, 0 °C, 30 min; (d) TMSCl, MeOH, rt, 14 h (60%); (e) 9, CuI, PdCl 2 (PPh 3 ) 2 , THF-Et 3 N, rt, 14 h (71%); (f) m-CPBA, CH 2 Cl 2 , rt, 18 h (56%).
Scheme 2. Synthesis of lactam 13.
The vinyl iodide 7 was transformed to the racemic epoxide 19 via Sonogashira coupling with the alkene 16, O-TBS protection with TBSCl/imidazole, and then epoxidation with m-CPBA (Scheme 3). Aminolysis of this epoxide with 1-amino-4-pentene in a microwave reactor afforded the amino alcohol 20 in 64% yield as a single diastereomer. The relative syn-sterochemistry of 20 was consistent with coupling constant J 4,5 = 8.5 Hz.
[18] The diol 21 was then formed in 91% yield after TBS-deprotection of 20. Our attempts to oxidize the diol 21 to the corresponding lactone using BAIB/TEMPO [19] or NMO/TPAP [20] were unsuccessful and resulted in complex mixtures of products. However, protection of the amino group of compound 21 as its Fmoc-derivative [21] 22 before oxidation with BAIB/TEMPO resulted in the lactone 23 in 84% yield. Base promoted Fmocdeprotection of 23 with Et 3 N/MeCN at rt gave the amino lactone 24 which upon heating with Et 3 N in MeOH at reflux temperature provided the desired 5,6-cis-lactam 25 in 84% yield (Scheme 3). For the synthesis of the A-B ring system of stemocurtisine, lactam 25 was converted to the ene-yne ester 5 via a sequence of functional group interconversions (Scheme 4). This included the protection of the secondary alcohol as a TBS ether (TBSOTf, 2,6-lutidine, 81%), [22] oxidative removal of the PMB group under aqueous conditions (DDQ/CH 2 Cl 2 /H 2 O, 79%), oxidation of the resulting primary propargyl alcohol to the corresponding acid with Jones' reagent and finally O-methylation (MeI, K 2 CO 3 , DMF, 67% for two steps) to the methyl ester 5. Treatment of 5 with Grubbs' 1 st generation Ru catalyst (10% mol, CH 2 Cl 2 , rt, 8 h) resulted in the bicyclic compound 28 in 78% isolated yield. [10] 1,4-Hydride reduction of the enoate group of 28 with NaBH 4 /MeOH gave the ester 4 (78%) as a 3:1 mixture of diastereomers (Scheme 4). [10] Surprisingly, compound 4 was unreactive under our previously described dihydroxylation (K 2 OsO 4 /NMO) [11] or Mori's bromolactonization reaction conditions (CuBr 2 on alumina on the corresponding carboxylic acid). [10] However, treatment of the corresponding carboxylic acid of this compound with NBS and PhSeSePh [23] in CH 3 CN led to a mixture of desired product 29 and its 3a-epimer 30. The minor isomer 30 could be converted to 29 by treatment with DBU in CHCl 3 (Scheme 5). The major product of the bromolactonization of 4 (compound 29) and the conversion of compound 30 to compound 29 under basic conditions suggest that compound 29 is thermodynamically more stable than compound 30. Semiempirical calculations (SPARTAN, AM1) on 29 and 30 indicated that the heats of formation for compounds 29 and 30 were -863.2 kJ/mol and -851.5 kJ/mol, respectively, indicating that 29 was thermodynamically more stable than 30 in the gas phase by about 12 kJ/mol. The difference in energy between 29 and 30 could be attributed to the sterically unfavourable pseudo-1,3-diaxial interactions between H-3a and H-7β and H-3a and H-11a in 30 and the significantly closer calculated distance between Me-1' and the oxygen atom of the OTBS group in 30 (2.30 Å) compared to that in 29 (2.73 Å).
Reaction conditions: (a) Mg, MeOH, 0 °C to rt, 1 d (71%); (b) TBAF, AcOH, THF, 0 °C to rt, 16 h (80%).
Scheme 6. Synthesis of the tricyclic lactone 3
Our attempts to reduce the C=C bond of the α,β-unsaturated lactone 29 by treatment with NaBH 4 /NiCl 2 or NaBH 4 /CuCl in MeOH were unsuccessful and only unreacted starting material was recovered. The less hindered O-TBS deprotected version of 29 also failed to undergo reduction under these conditions. In contrast, the pyrrolo[1,2-a]azepine analogues of these compounds were readily reduced under the aforementioned conditions. [10, 11] However, treatment of 29 with Mg/MeOH [24] afforded the saturated derivative 31 as a single isomer in 71% yield (Scheme 6). The structure of 31 was confirmed by 2D NMR and single crystal X-ray crystallographic analyses. Evidence for the configuration of 31 was obtained from NOESY NMR experiments ( Figure 2 ). Strong NOESY correlations were observed between H-11 and H-11a; H-11a and H-11b; H-11b and H-6β; H-11a and H-6β; H-1 and H-3a; and H-1' and H-11, H-11a and H-11b (Figure 2 ). No correlations were observed between H3a and H11b or between H1 and H11b, which further confirmed the relative configurations at C-1 and C-11b. Finally, the relative configuration of 31 was confirmed by its single crystal X-ray crystallography structure ( Figure 3 ) which further indicated that 31 had the same A-B-C ring relative configuration as stemocurtisine 1. Treatment of 31 with TBAF/HOAc in THF gave the target compound 3 80% yield (Scheme 6). We next planned to prepare the tetracyclic compound 2 employing a photochemical oxidative cyclization process [9] using I 2 and PhI(OAc) 2 . We anticipated that compound 3 would react with I 2 to form the hypoiodite A, which could then undergo homolytic cleavage (in the presence of light) to form the free radical B (Scheme 7). The radical B could then be transformed to the radical C by intramolecular H-atom abstraction at C-3a.
The distance between the oxygen at C-11 and H-3a is 2.43 Å in the X-ray structure of 31. Thus this oxygen would seem to be sufficiently close enough to abstract H-3a to give the resonance stabilized radical C. This radical then could then be oxidized to the resonance stabilized cation D by PhI(OAc) 2 . Finally, intramolecular attack of the hydroxyl group to the electrophilic carbon in D could furnish the desired product 2. However, irradiation of a CH 2 Cl 2 solution of 3, I 2 and PhI(OAc) 2 gave a mixture of products from which the major product was isolated as a 2.5:1 mixture of diastereomers (Scheme 8). This compound was tentively assigned as the structure 32 and was relatively unstable. The an aldehyde resonance (δ 9.81 (s, H4'B); δ 9.79 (s, H4'A)), an acetoxy resonance (δ 2.11 (s, CH 3 COA); δ 2.03 (s, CH 3 COB)), a resonance for a hemiaminal proton (δ 7.06 (d, J = 9.0 Hz, H4B); δ 6.66 (d, J = 8.0 Hz, H4A)), and a resonance for a methyl group attached to a methine (δ 1.25 (d, J = 6.5 Hz, H1"A); δ 1.21 (d, J = 6.5 Hz, H1"B)). The hemiaminal proton H-4 correlated to H-3a in the COSY spectrum (observed in both isomers). COSY correlations were also observed between H-3 and H-1" and H-3 and H3a (weak) (Figure 4 (I) ). Similarly, the 13 C NMR spectrum showed resonances for an aldehyde group (δ 200.9 C4'A; 200.6 C4'B), a hemiaminal carbon (δ 82.6 C4A; 78.2 C4B), a methyl (δ 21.0, C1'A; 20.8, C1' B) and an acetyl methyl group (δ 15.0 COMeB; 14.7 COMeA). HMBC correlations were observed between H-3 and C-2; H-1" and C-2; H-4' and C-2' and C-3'; and H-4 and the acetoxy carbonyl group (Figure 4 (II) A proposed mechanism for the formation of the tentative structure 32 is shown in Scheme 9. The hypoiodite A, which could from the reaction of 3 with I 2 , could undergo an ionicfragmentation to form the N-acyliminium ion E (Scheme 9, path a). Alternatively, the intermediate A could undergo homolytic cleavage of the hypoiodite to form the free radical B (Scheme 9, path b), which could undergo radical fragmentation to form the radical intermediate F. This intermediate could then be oxidized to the N-acyliminium ion E by PhI(OAc) 2 . Addition of acetate to this acyliminium ion (from both faces of the iminium ion) would provide hemiaminal 32 as a mixture of diastereomers. Because of the aforementioned fragmentation process, which was possibly related to the formation of a N-acyliminium ion, we decided to reduce the lactam carbonyl group of 3 to avoid the formation of such an intermediate in these reactions. Lactam 31 was converted to the amine 35 by first following the procedure described by Zhang [8] by treatment with Lawesson's reagent to give the thioamide 33 (80% yield) and then reduction to the piperidine 34 with Raney-Ni (75%). Finally O-TBS deprotection of 34 gave the alcohol 35 (78%). Compound 35 was then subjected to the abovementioned photochemical oxidative cyclization reaction conditions. Unfortunately, this reaction led to a complex mixture of products (Scheme 10) and we were unable to isolate any pure product, including the desired product 26, due to the small amount of starting material used and the close R f values of the products on TLC. 
Conclusions
In conclusion, a diastereoselective synthesis of the A-B-C tricylic ring structure of the Stemona alkaloid stemocurtisine has been developed. The tricyclic compound 3 was obtained in 19 steps from the known vinyl iodide 7 in an overall yield of 1.2%. Attempts to prepare the C-3a−C-11 ether moiety of this alkaloid from compound 3 using a photochemically induced oxidative cyclization method were unsuccessful due to cleavage of the Aring. Alternative procedures to make this ether moiety are now in progress.
Experimental Section
General Information: All reactions were performed in oven dried glassware under an atmosphere of dry nitrogen, unless otherwise stated. Anhydrous solvents were purchased or obtained from an anhydrous solvent dispenser. TLC analyses were performed using aluminium backed silica gel TLC plates. Column chromatography was performed using silica gel (40-63 μm) packed by the slurry method. Known compounds, 7, 8, 9 and 16 were prepared according to the literature methods. [12] (Z)-Methyl 8-(tert-butyldimethylsilyloxy)oct-4-en-6-ynoate (10): To a solution of the vinyl iodide 8 (1.182 g, 4.93 mmol) in Et 3 N (12 mL) under an argon atmosphere were added PdCl 2 (PPh 3 ) 2 (69 mg, 0.098 mmol, 0.02 equiv) and CuI (189 mg, 0.098 mmol, 0.2 equiv).
[12c] The mixture was stirred for 15 min then a solution of alkyne 9 (1.005 g, 5.91 mmol, 1.2 equiv) in THF (6 mL) was added dropwise over a period of 30 min. After being stirred for 16 h, the mixture was diluted with Et 2 O (150 mL) and washed with saturated NH 4 Cl solution (2 x 30 mL). The organic layer was dried over Na 2 SO 4 and filtered. The solvent was evaporated in vacuo and the residue was purified by column chromatography (1:9, EtOAc/petroleum spirit) to give the ene-yne 10 (874 mg, 70% yield) as a colourless oil. Rf = 0.62 (1:4, EtOAc/petroleum spirit). IR (neat, ν max /cm C NMR (125 MHz, CDCl 3 ) δ = 168.9 (C2), 138.1 (C4''), 115.6 (C5''), 86.1 (C3'), 80.0 (C2'), 66.9 (C5), 55.2 (C6), 51.9 (C3'), 46.1 (C1''), 31.4 (C3''), 29.6 (C3), 27.1 (C4), 26.8 (C2''), 26.1 ((CH 3 ) 3 C), 18 
(4R*,5R*)-1-(tert-Butyldimethylsilyloxy)-8-(4-methoxybenzyloxy)-5-(pent-4-enylamino)oct-6-yn-4-ol (20):

(4R*,5R*)-8-(4-Methoxybenzyloxy)-5-(pent-4-enylamino)oct-6-yne-1,4-diol (21):
1M tetrabutylamonium fluoride solution in THF (3.8 mL, 3.8 mmol) was added dropwise to a solution of the TBS ether 20 (1.19 g, 2.5 mmol) in THF (30 mL) at 0 0 C and the mixture was warmed to rt and stirred for 4 h. Saturated NaHCO 3 (50 mL) was added and the aqueous phase was extracted with EtOAc (3 x 100 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was removed in vacuo and the residue was purified by column chromatography (9:1 to 100:0, EtOAc/petroleum spirit) to give the diol 21 (890 mg, 91% yield) as a colourless oil. Rf = 0.69 (1:9, MeOH/EtOAc). IR (neat, ν max /cm To a solution of the alcohol 25 (990 mg, 2.77 mmol) in CH 2 Cl 2 (30 mL) were added TBSOTf (10.43 mL, 1.85 mmol) and 2,6-lutidine (0.32 mL, 2.77 mmol) at 0 0 C. The mixture was warmed to rt and stirred for 1 h. This step was repeated three times and the reaction mixture was stirred at rt for 12 h. The solvent was evaporated in vacuo and the residue was purified by column chromatography (3:2, EtOAc/petroleum spirit) to give compound 26 (1.16 g, 81% yield) as a colourless oil. Rf = 0.62 (9:1, EtOAc/petroleum spirit). IR (neat, ν max /cm Butyldimethylsilyloxy)-6-(3-hydroxyprop-1-ynyl)-1-(pent-4-enyl) piperidin-2-one (27): To a mixture of the PMB ether 26 (1.178 g, 2.5 mmol) in CH 2 Cl 2 (50 mL) and water (5 mL,) was added DDQ (1.022 g, 4.5 mmol) portionwise at 0 0 C and the mixture was allowed to stirred at rt for 18 h. Then the mixture was diluted with CH 2 Cl 2 (100 mL) and washed with water (2 x 50 mL). The organic layer was dried over MgSO 4 and filtered. The solvent was evaporated in vacuo and the residue was purified by column chromatography (4:1, EtOAc/petroleum spirit) to give the primary alcohol 27 (694 mg, 79% yield) as a yellow oil. Rf = 0.57 (9:1, EtOAc/petroleum spirit). IR (neat, ν max /cm 
(R*)-5-((R*)-4-(4-Methoxybenzyloxy)-1-(pent-4-enylamino)but-2-ynyl)dihydrofuran-2(3H)-one (24):
Methyl 3-((2R*,3R*)-3-(tert-butyldimethylsilyloxy)-6-oxo-1-(pent-4-enyl)piperidin-2-yl)propiolate (5):
To a solution of the primary alcohol 27 (635 mg, 1.81 mmol) in acetone (20 mL) was added Jones' reagent (2.7 mL) dropwise at 0 0 C. After stirring for 30 min at 0 0 C, CH 3 OH (0.5 mL) was added and the reaction mixture was stirred for additional 10 min at 0 0 C. Water (40 mL) was added and the mixture then was extracted with CH 2 Cl 2 (4 x 60 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was evaporated in vacuo to give the crude acid (594 mg, 90% yield) as a yellow solid, which was used in the next step without further purification. To a solution of this acid (594 mg, 1.63 mmol) in anhydrous DMF (20 mL), was added K 2 CO 3 (450 mg, 3.26 mmol) at rt and the mixture was stirred for 15 min under a N 2 atmosphere. Then MeI (610 μL, 9.8 mmol) was added and the reaction mixture was allowed to stirred at rt for 14 h. Water (40 mL) was added and the mixture was extracted with CH 2 Cl 2 (3 x 60 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was evaporated in vacuo and the residue was purified by column chromatography (2:3, EtOAc/petroleum spirit) to give the ester 5 (413 mg, 67% yield) as a pale yellow oil. NMR analysis indicated approximately 90% purity. Rf = 0.65 (4:1, EtOAc/petroleum spirit). IR (neat, ν max /cm 1,2,3,4,6,7,8,10a-octahydropyrido[1,2-a]azepin-10-yl) 
Bromolactonization of 4:
To a solution of 4 (648 mg, 1.3 mmol) in MeOH (15 mL), was added slowly 1M aqueous NaOH solution (13.7 mL) at 0 0 C and the mixture was stirred at 0 0 C for 8 h. The mixture was acidified to pH = 5 with 1M HCl solution and extracted with EtOAc (4 x 50 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was evaporated in vacuo to afford a diasteromeric mixture of acids, which was used in the step without further purification. To a solution of this acid in CH 3 CN (4 mL) was added diphenyl diselenide (21 mg, 0.65 mmol) and the resulting mixture was cooled to -30 0 C. Nbromosuccinimide (277 mg, 1.69 mmol) was added with stirring, and the resulting reaction mixture was stirred at -30 0 C for 3 h. The resulting solution was concentrated to <1 mL in vacuo, and EtOAc (60 mL) was added. The resulting organic layer was washed with water (2 x 10 mL), dried over MgSO 4 and filtered. The solvent was evaporated in vacuo to afford a yellow residue, which then was dissolved in EtOAc (10 mL). Et 3 N (0.2 mL) was added and the solution was stirred at rt for 18 h. 13 The solution was then diluted with EtOAc (40 mL), washed with water (2 x 10 mL), dried over MgSO 4 and filtered.
Purification by column chromatography (6:4 to 9:1, EtOAc/petroleum spirit) of the resulting residue gave the tricyclic compounds 29 (192 mg, 31% yield) and 30 (124 mg, 20% yield) as white solids.
(3aR*,11R*,11aR*) -11-(tert-Butyldimethylsilyloxy)-1,3a,11a-trimethyl3a,4,5,6,9,10,11,11a-octahydrofuro[3,2-c C, acetic acid (12 µL, 0.22 mmol) was added and the resulting mixture was stirred at rt for 30 min. Water (5 mL) was added and the mixture was extracted with EtOAc (3 x 15 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was evaporated in vacuo and the residue was purified by column chromatography (7:3, EtOAc/petroleum spirit) to provide compound 31 (29 mg, 71% yield) as a white solid. Recrystalization for X-ray structural analysis was performed using a solvent mixture of CH 2 Cl 2 and n-hexane at rt. Mp = 160-162 ºC Rf = 0.65 (9:1, EtOAc/petroleum spirit). IR (neat, ν max /cm 
Attempted synthesis of 2:
To a solution of 3 (15.7 mg) in CH 2 Cl 2 (3 mL) were added BIAB (24 mg, 0.07 mmol) and I 2 (16.6 mg, 0.065 mmol). The mixture the was irradiated with a UV lamp at rt, 500 W for 30 min. The reaction was quenched with 1M Na 2 S 2 O 3 (3 mL) and extracted with CH 2 Cl 2 (3 x 10 mL). The organic extracts were combined, dried over MgSO 4 and filtered. The solvent was evaporated in vacuo and the residue was purified by column chromatography (2:3, EtOAc/petroleum spirit) to give the major product 32 (3.4 mg, 16% yield) as a pale yellow oil and as a mixture of diastereomers (dr = 2.3:1). Rf = 0.69 (4:1, EtOAc/petroleum spirit)
. IR (neat, ν max /cm 
